The current U. S. Environmental Protection Agency-approved method for enterococci (Method 1600) in recreational water is a membrane filter (MF) method that takes 24 hours to obtain results. If the recreational water is not in compliance with the standard, the risk of exposure to enteric pathogens may occur before the water is identified as hazardous. Because flow cytometry combined with specific fluorescent antibodies has the potential to be used as a rapid detection method for microorganisms, this technology was evaluated as a rapid, sameday method to detect enterococci in bathing beach waters. The flow cytometer chosen for this study was a laser microbial detection system designed to detect labeled antibodies. A comparison of MF counts with flow cytometry counts of enterococci in phosphate buffer and sterile-filtered recreational water showed good agreement between the two methods.
INTRODUCTION
Recreational water is an important potential transmission vehicle for fecal contamination containing human infectious disease agents. Since 1993, recreational waters have been implicated as the cause of an increasing number of outbreaks of human gastrointestinal and other types of illness, such as dermatitis, respiratory disease, meningitis, and chemical exposure (Yoder et al. 2004) . Potential
MATERIALS AND METHODS

Reagents and media
Type I distilled water (DW) (American Public Health Association 1998), produced by a Millipore Milli Q Synthesis A-10 System, was used to make all media and reagents. Syto 62 nucleic acid stain was purchased from Molecular Probes (Eugene, OR), and Bovine serum albumin (BSA), Fraction V powder, 99% was purchased 
Natural water samples
Natural recreational water samples were obtained from the Great Miami River (Dayton, OH), the Ohio River at the public landing (Cincinnati, OH), Burnett Woods Lake (Cincinnati, OH), and Acton Lake (Hueston Woods State Park, near Cincinnati, OH). Samples were placed on ice during the transport to the laboratory, and stored at 48C until analyzed. The natural samples were analyzed using the flow cytometer manufacturer's protocol (Advanced Analytical Technologies Inc. 2003), and filter-sterilized samples (0.22-mm Nalgene units; Nalge Nunc International, Rochester, NY) were spiked with enterococci cultures in a 1:1 ratio. Tenfold dilutions of spiked and non-spiked natural water samples were analyzed in the following order using the RBD 2100: 10 22 , 10 28 , 10 24 , 10 26 .
Membrane filtration assay
Each natural water sample and ten-fold dilutions of the pure enterococci cultures in PB were analyzed using The dynamic range of this instrument is 100 to 10,000,000 colony forming units/ml with a cell size of 
Carryover verification test
A verification test to determine if there was carryover from sample to sample was conducted between each water sample analysis to see if the instrument rinsing procedure was adequate for the production of valid data. The test was prepared by incubating 1 ml PB with 1 ml Syto 62 for 5 minutes in the dark at room temperature. One ml of BRAG 3 was then added, and the solution was incubated in the dark at room temperature for an additional 2 minutes. The PB/Syto/BRAG was analyzed in the RBD 2100 following each water sample analysis. Carryover from the previous sample was assumed to have occurred whenever . 10 flow cytometer counts of the target organisms were observed with the verification test. To remove any additional sample from the instrument, a filter-sterilized solution of undiluted bleach (5.5% sodium hypochlorite) was run through the instrument. At least 2 complete runs using filter-sterilized distilled water were needed to flush the bleach out of the system. This was followed by another verification test to determine if the counts were reduced to , 10, indicating that any residual microorganisms had been removed. to remove larger particles that could plug the sample intake openings to the instrument. The cultures of E. faecalis and E. faecium were prepared as described above, and appropriate dilutions containing equal amounts of the two organisms were added to the processed water samples.
BSA was added to a final concentration of 0.05%. The samples were concentrated to 1 ml by centrifugation in an Eppendorf 5804 R Centrifuge (Westbury, NY) for 45 minutes at 3100 x g at 48C. Forty ml each of anti-E. faecium and anti-E. faecalis were added to the sample, and the solution was incubated in the dark at room temperature for 30 minutes. Two ml of BRAG 3 was added to the sample solution, which was incubated then in the dark at room temperature for an additional 2 minutes. Controls of unspiked water samples and verification tests (PB/Syto/ BRAG), described above, were analyzed with each processed sample to determine if sample carryover occurred in the instrument.
Filter-sterilized natural water samples
In order to determine the effect of dissolved minerals on the analysis results, natural water samples were filtered through 0.22-mm Nalgene filter units, spiked as before, and analyzed using the same procedure as the manufacturer's protocol, described in a previous section. Sterile PB was spiked with enterococci as a positive control to show the results that would be obtained without the effects of dissolved minerals and particulates that are usually present in natural samples.
Quantitative PCR of unspiked samples
Quantitative PCR (QPCR) assays for E. faecalis and E.
faecium were run on each natural water sample prior to being spiked with organisms (Haugland et al. 2005) . The purpose of this was to determine if any enterococci were present. Water samples were prepared by filtering 100 ml of each sample through a 0.4-mm pore size polycarbonate filter. Filters were placed in a screwcap tube containing salmon DNA extraction AE buffer (Qiagen, Valencia, CA), and any cells from the samples were lysed by bead beating.
Cellular debris was pelleted by centrifugation, and the supernatant was removed and diluted 1:10 with AE buffer.
The diluted samples were analyzed using a Cepheid Model SC1000-1 Smart Cycler (Sunnyvale, CA) for 40 cycles (Haugland et al. 2005) . All assays were performed in duplicate.
RESULTS
The current study began as an evaluation of flow cytometry technology to detect enterococci in recreational waters. A comparison of the flow cytometer counts to the membrane filter counts, on mEI agar, indicated a fairly good agreement between these two methods in extremely clean matrices (phosphate buffer or sterile-filtered environmental water) (Tables 1 and 2 ). The exceptions included very high ($10 6 / Lack of agreement at very high levels of target organisms may not represent a problem in the application of this methodology in analyzing environmental samples, as these levels are generally not seen in actual recreational water samples. However, the lack of agreement at low levels is problematic. The analysis of PB or sterile-filtered natural water samples (used as negative controls), which included the addition of fluorescent antibody and BRAG 3, yielded a background of 100 -1000 counts (Tables 1 and 2 ). These counts were generally confined to the far left edge of the The carryover counts that exceed the acceptable limit of 0 to 10 counts per milliliter are also shown in bold. e NA, Not applicable (Test not completed). f The control consisted of sterile non-spiked PB (American Public Health Association 1998).
counting box (gate). In other applications, these counts may be omitted from the data collection by altering the size of the gate. This narrowing of the gate is recommended by the instrument manufacturer and is based on the range of anticipated data. However, in this study, spiking experiments with different sterile-filtered natural water samples showed that the majority of the counts for the target cells could be found in different locations within the gated area on the bitmap. Figure 1A -1B illustrates this observation for two different water samples. Because this The control consisted of sterile non-spiked natural water samples that were filtered through a 0.22-mm filter.
shift is unpredictable, it is difficult to know how narrow the gate should be, so that the target cells are counted while eliminating the background counts (on the far left side of the box).
Carryover from the previous sample was observed. The standard procedure to detect carryover was to analyze a negative control of PB/Syto/Brag 3 solution after each sample. The counts should be # 10 if carryover was absent.
The data in Tables 1 and 2 indicate notable carryover occurred when the counts were 10 3 2 10 7 in spiked PB or sterile-filtered environmental water. Carryover could be removed using a time-consuming washing procedure, which consisted of cycling bleach through the instrument, followed by several distilled water washes (Figures 2-3 bitmaps show carryover after a highly concentrated sample) and another PB/Syto/BRAG 3 control to document that the carryover was reduced to # 10 counts.
The method recommended by the manufacturer for the analysis of natural water samples required filtration through a 3-mm filter, which removed large particles that could plug up the instrument. However, following this method consistently yielded high background counts with natural water samples (Table 3 ). The information in Figure 3 depicts an unspiked river sample that was prepared for analysis according to the manufacturer's method with the addition of the fluorescent antibodies and BRAG 3. Regardless of the sample source, prominent levels of background counts were always observed. Evidence that these counts were not entirely due to enterococci is provided by viable MF counts and QPCR analyses on each of these samples. The MF analysis indicated that these unspiked samples had # 10 enterococci per 100 ml of sample. The QPCR data showed that E. faecalis was not detected and that seven out of eight samples (each sample was analyzed in duplicate) were negative for E. faecium. One of the two replicates of Burnet Woods Lake did detect E.
faecium cells (Haugland et al. 2005) .
DISCUSSION
The manufacturer of the flow cytometer evaluated in this study claims their method can be completed in approximately ten minutes after sample preparation is complete (sample preparation took approximately 1 hour). While this may be true in a technical sense, unspiked ambient water samples in this study required a sodium hypochlorite cleaning procedure after every sample in order to insure the prevention of carryover. The amount of carryover between samples without sodium hypochlorite addition was unacceptable, since these carryover counts would be added on to the counts for the subsequent samples. Since water sample as A spiked with a 10 24 dilution of a 1:1 ratio of E. faecalis and E. faecium. Bitmap C is a portion of the same sample as A that has been sterile filtered, then spiked with a 10 24 dilution of a 1:1 ratio of E. faecalis and E. faecium.
Variable and low recoveries, as well as high false-positive counts, have been associated with sample turbidity (Felini & Pirovano 1998; Lindquist et al. 2001) . Further, a study relying on flow cytometry to detect bacteria in foods showed that non-target components within the sample matrix can affect counts (Patchett et al. 1991) . Samples with high levels of particulate material could only be analyzed if the bacteria were separated from the background light faecalis and E. faecium. Tenfold dilutions of spiked samples in natural water were analyzed in the following order using the RBD 2100: 10 22 , 10 28 , 10 24 , 10 26 . e The carryover counts that exceed the acceptable limit of 0 to 10 counts per milliliter are also shown in bold. f NA, Not applicable (Test not completed). g The control consisted of non-spiked natural water samples that were filtered through a 3-mm filter.
scattering material within the food matrix. The studies described above and the present study indicates that substances within the sample matrix can have a considerable effect on flow cytometer target counts.
Although it was not possible to determine the exact source(s) of the background counts observed in this study, the possibility of dead or dying enterococci cells being present was eliminated by negative QPCR assays. Autoflourescent particles in the water samples may be a cause of background counts in this study. Autoflourescence has been suggested as a problem in a study that used flow cytometry to identify E. coli in well water samples (Stopa & Mastromanolis 2001) , although the actual source of the autoflourescence was not determined.
Some of the false-positive counts observed in this study could also have been caused by antibody cross-reactivity. It is generally recognized that different species or genera of bacteria may share similar antigenic components, allowing for non-specific binding of fluorescent-labeled antibodies (Laplace-Builhe et al. 1993) . A study using Cryptosporidiumspecific and Giardia-specific monoclonal antibodies in a flow cytometry-based detection assay for these protozoa in water samples has shown that the antibody chosen can greatly affect the accuracy of the results (Ferrari et al. 1999) .
Other published studies using flow cytometry have shown that discriminatory gating (resizing and repositioning of the gated area of the bitmaps) is necessary to obtain accurate counts of the target (Patchett et al. 1991; Prakash et al. 2001) . This strategy works well in theory, with less complex sample matrices, but the problem of population shifts encountered in this study made it difficult to construct a discriminatory gate on the bitmap that would detect all E.
faecalis and E. faecium counts while excluding most of the background. The manufacturer recommends drawing a box around a pure culture of the bacterium of interest that is spiked into phosphate buffer at a level of 0.00001 colony forming units. The differences seen in this study between the populations from the spiked cultures in phosphate buffer and the 0.2-mm filtered water samples indicate that shrinking the gate would not be possible because counts of target bacteria from some water (or matrix) sources would be excluded. Therefore, it would be difficult to reduce background interference by changing the size or shape of the gate. 
